Population density of Plutella xylostella on two cabbage varieties (Kinkei 201 and Shinsei) in an urban environment created different pest loads. A maximum larval density of 9.3 larvae per plant was recorded in Kinkei 201 field. In contrast, the corresponding value was 6.3 larvae per plant in Shinsei field. Shinsei cabbage showed lower larval density of pest but higher parasitism by Cotesia plutellae. Four major parasitoids and two hyperparasitoids were collected and identified during the two year period. No egg parasitoids of the DBM were observed. Comparison of C. plutellae parasitism rates between the two varieties in the field showed a higher parasitism rate on Shinsei cabbage. Parasitoid density peaked on July 13 (4.1 cocoons/plant) in Shinsei and on June 27 (2.3 cocoons/plant) in Kinkei 201. Parasitism of host larvae by C. plutellae was high on Shinsei cabbage in both years and ranged from 40 to 83.3%. Pest density, parasitism rates and rain impact on Kinkei 201 and Shinsei are discussed.
INTRODUCTION
The diamondback moth (DBM), Plutella xylostella (Linnaeus), is a cosmopolitan herbivore that feeds exclusively on crucifers (Yaseen, 1978; Talekar and Shelton, 1993; Idris and Grafius, 1996) . Population density of the DBM has been studied in various agroecosystems and is well documented on a number of crucifer plants (Iga, 1985; Muckenfuss and Shepard, 1994) . Seasonal factors and beneficials play an important role in the growth and development of individual insects as well as the population. Life table and population studies showed that rainfall, temperature, natural enemies and host plants influenced the survival and reproduction of the DBM (Wakisaka et al., 1991; Nemoto et al., 1992; Talekar and Yang, 1993; Noda et al., 1996) . Annamalai et al. (1988) recorded 33.1 to 62% mortality of first stadium pest larvae in cabbage fields due to rainfall and some unknown factors.
The "natural enemies" hypothesis suggested that parasitoids and predators are more effective in complex environments (Sheehan, 1986) . Moreover, parasitoids can profoundly influence the populations of their hosts (Haseeb et al., 2000a, b) and are key components of terrestrial ecosystems. Use of parasitoids is one of the most effective and suitable methods for controlling resistant races of pests as observed in the DBM (Hirashima et al., 1989; Talekar and Yang, 1990) . Among these parasitoids, Cotesia plutellae (Kurdjumov) (ϭApanteles plutellae Kurdjumov) is a primary solitary endoparasitoid of DBM larvae (Okada, 1989; Back and Tabashnik, 1990; Noda et al., 1996; Haseeb and Amano, 2001 ) and has been reported as an impressive suppressing agent of its population (Lim, 1986; Talekar and Yang, 1993; Mitchell et al., 1999) .
Cabbage is an important crucifer vegetable crop grown throughout Japan. The relationship between plant density and arthropod density in cabbage fields and the effect of plant density on the survival of cabbage pests has recently been described in detail (Yamamura, 1999; Yamamura and Yano, 1999) . Among other pests, the DBM is considered a serious pest of cabbage in the spring. Various varieties are cultivated throughout the country during this season. Among these varieties, Kinkei 201 and Shinsei are grown for fresh and processed use, re-spectively.
Despite the wealth of knowledge and improved technology which have contributed to the control of the DBM, we are still only just beginning to tackle the major problems of insect resistance and pest resurgence in the DBM, problems which thwart our efforts to control it chemically (Hama, 1990; Adachi and Futai, 1992; Nemoto, 1993) . Alternative control measures, which are not only effective but feasible at local farm levels, are urgently needed to solve this problem. It is likely that control measures based on the philosophy of integrated pest management (IPM) will prove useful for DBM management. In this paper we report and discuss: population density of the DBM, occurrence of its parasitoids, host parasitism rates by C. plutellae and the potential for use of C. plutellae in controlling the pest in the field on two varieties of cabbage, Kinkei 201 and Shinsei.
MATERIALS AND METHODS
Experimental site. The present study was carried out in the field at the Matsudo campus of Chiba University (Chiba Pref.). The altitude of the campus is about 26 m above sea level (N 35°47Ј, W 139°54Ј). Matsudo campus is situated in the middle of an urban environment. The vegetation at the campus is extremely heterogeneous and disturbed. It is mainly composed of natural and exotic ornamentals, vegetables and fruit-bearing plant species. Almost 50% of the campus area (14.8 ha) is dominated by various forest tree species. The cabbage fields are located in an area that is surrounded by forest trees on three sides and greenhouses where vegetables (non-crucifers) had previously been grown on the remaining side.
Study fields. Cabbage seeds of two varieties, 'Kinkei 201' (Sakata Seed Co. Inc., Japan) and 'Shinsei' (Tohoku Seed Co. Ltd., Japan) were sown on March 19, 1998 in commercial nursery soil. Two fields of equal size were plowed for cultivation. In one field 70 plants of Kinkei 201 and in the other 70 plants of Shinsei were transplanted on May 8, 1998. Both fields were experimental fields at the campus and were managed using typical agronomic practices except that no pesticide was applied after transplanting.
For the repetition of the study on host parasitism rates of C. plutellae, cabbage seeds were sown on April 7, 1999. Seedlings were transplanted on June 2, 1999. The locations of the fields were reversed. During this season about 60 plants of each variety were cultivated by using similar cultivation practices to those used in 1998. Fields were irrigated through a tubal system and not through sprinklers. Plants that died due to damage by stem and rootcutting ants were replaced by nursery plants.
DBM density on Kinkei 201 and Shinsei. Sampling for population density of various immature stages of the DBM was carried out weekly. Population censuses for eggs, larvae I (1st and 2nd instars), larvae II (3rd and 4th instars) and pupae (prepupae inclusive) were recorded. Sampling was started 2 weeks after transplanting of cabbage and carried out for 10 weeks. A single cabbage plant was used as the basic sampling unit. Twenty plants were sampled weekly from each field (Kinkei 201 and Shinsei). Other lepidopterous larvae observed on plants were removed to provide more space for the DBM larvae to grow. In the case of heavy rain on the scheduled sampling date, sampling was done the next day.
Parasitoid occurrence. DBM eggs, larvae (3rd and 4th instars), prepupae and pupae collected from each field were brought into the laboratory and reared. In the laboratory, eggs, prepupae and pupae were individually kept in Petri dishes (9.50 cm in diameter), however, larvae were reared on cabbage plants in plastic cages (34Lϫ34Wϫ25H cm, external dimensions). The laboratory temperature was kept at 25Ϯ1°C under a photophase of 16L8D. Emerged host pupae and parasitoid cocoons were separated and further reared for adult emergence. The emerged parasitoid wasps were preserved in glass vials containing 75% alcohol and classified.
Host parasitism rates of C. plutellae on Kinkei 201 and Shinsei. The major larval parasitoid C. plutellae was recorded on both cabbage varieties. C. plutellae is a larval parasitoid of the DBM but its parasitism in the field could be confirmed in the cocoon stage. The parasitoid was sampled during two cropping seasons (springs of 1998 and 1999) by counting the number of parasitoid cocoons and DBM pupae on 20 cabbage plants at each sampling date in Kinkei 201 and Shinsei fields. By using the host and parasitoid numbers, percentage parasitism prevailing under field conditions was determined.
Statistical analyses. The data of population den-sity of P. xylostella and C. plutellae was plotted by averaging the numbers of host and parasitoid per 20 plants sampled in each field. Percentage parasitism was calculated by using the formula: % ParasitismϭNo. of C. plutellae cocoons /(No. of C. plutellae cocoons ϩP. xylostella pupae)ϫ100 .
The relationship of parasitism and host density on Kinkei 201 and Shinsei was investigated using linear regression lines. ANCOVA was carried out and differences between the two varieties were separated by the Fishers' PLSD test (StatView, 1998) .
RESULTS

DBM density on Kinkei 201 and Shinsei
The density of immature stages of the DBM in Kinkei 201 and Shinsei fields for 10 weeks showed different trends ( Fig. 1A and B) . In Kinkei 201, the population density of eggs showed roughly three peaks. Egg peak densities per plant were recorded on June 7 (16.2 eggs), June 27 (12.6 eggs) and July 18 (10.3 eggs). Larvae I density was maximum on June 21 (6.4 larvae/plant) and minimum on July 18 (1.6 larvae/plant). However, larvae II density was highest on July 4 (5.5 larvae/plant) and lowest on May 23 (0.1 larva/plant). Pupal density was highest on June 27 (4.5 pupae/plant), whereas no pupae were observed on May 23. The egg density showed that the DBM has 2-3 generations on Kinkei 201 cabbage (Fig. 1A) .
In Shinsei field, the mean DBM egg density was highest (17.7 eggs/plant) on June 13. Similar values of 7.3 eggs/plant and 7.81 eggs/plant on June 27 and July 4 were recorded respectively. Larvae I density per plant was highest (2.7 larvae) on June 13 and zero on July 25. On the other hand, larvae II density was highest (3.1 larvae) on July 4 and lowest (0.1 larva) on July 25. Pupal density was low and was recorded as 0 to 1.3 pupae/plant on various sampling dates. The egg density showed that the DBM also has 2-3 generations on Shinsei cabbage (Fig. 1B) .
Comparing the population density of various stages of the DBM between these two varieties, it is apparent that the pest has a heavy load of various stages on Kinkei 201. Moreover, population trends of larvae I (1st and 2nd instars) showed somewhat suppressed growth trends throughout the sampling period on Shinsei. Weekly total rain trends showed heavy rain during May 24-31 (66 mm) and July 19-25 (63 mm). Rainfall was moderate during June 22-27 and July 5-13, and low during June 1-7 (19.5 mm), June 28 to July 4 (7 mm) and July 14-18 (9.5 mm). The impact of rain on the eggs and larvae I in Shinsei appeared to be more pronounced ( Fig. 1A and B) .
Population trends of DBM total larvae (larvae Iϩlarvae II), pupae and cocoons of C. plutellae in Kinkei 201 field are shown in Fig. 2A . Larval density (no./plant) increased gradually in June and then dropped in July. Pupal density was zero on May 23 and then increased, with a peak on June 27 (4.5 pupae/plant). Maximum numbers of parasitoid cocoons (2.3 cocoons/plant) were recorded on June 27. Parasitoid cocoons were first recorded on June 21. At other sampling dates parasitoid density was less than 1.5 cocoons/plant.
The field data for population density of total DBM larvae (larvae Iϩlarvae II), pupae and co- coons of C. plutellae in the Shinsei field are shown in Fig. 2B . Larval density increased steadily until July 4 and then declined sharply. Pupal density stayed at low levels and peaked (1.3 pupae/plant) on June 27. Parasitoid cocoon density peaked on July 13 (4.1 cocoons) and then also declined sharply.
Population density of cocoons of C. plutellae on Kinkei 201 and Shinsei showed that the parasitoid appeared in both fields at almost the same period. Regarding its parasitism, certain interesting dissimilarities were observed between Kinkei 201 and Shinsei fields. Overall population trends of parasitoid indicated that the per plant density was comparatively high on Shinsei cabbage, despite the fact that the density of its host (DBM) was higher on Kinkei 201 ( Fig. 2A and B) .
Parasitoid occurrence
Two larval (braconid and ichneumonid species), one larval-pupal (eulophid species) and one pupal (ichneumonid species) parasitoids of the DBM and two hyperparasitoids (pteromalid and eurytomid species) of C. plutellae emerged from host immature stages (Table 1) . Among these species, C. plutellae, Diadegma niponica Kusigemati, Diadromus subtilicornis (Gravenhorst) and Oomyzus sokolowskii (Kurdjumov) are known as useful parasitoids of the DBM (Okada, 1989; Fitton and Walker, 1992; Noda et al., 1996) . Two species, D. subtilicornis and O. sokolowskii, were recorded late in the season when crop had already produced heads and temperature was high. We did not find any egg parasitoid of the DBM during the experimental years. Because C. plutellae was observed frequently in most of the samples, we recorded its parasitism. All other parasitoids were recorded in small numbers.
Host parasitism rates of C. plutellae on Kinkei 201 and Shinsei
Our preliminary field results of host parasitism rates of C. plutellae during 1998 determined higher parasitism on Shinsei cabbage compared to Kinkei 201 (Table 2 and ously increased until the end of the experimental period in spring 1998 and reached 83.4% (Shinsei) and 50% (Kinkei 201) on July 25 (Table 2 ). This trial motivated us to do further study and we repeated the trial during 1999 by growing both varieties. Higher parasitism rates were shown in Kinkei 201 from July 16 to August 13. Parasitism was high at the end of July in Shinsei (64.7%) and Kinkei 201 (45%) fields. The results of 1999 also indicated higher parasitism rates of C. plutellae on Shinsei cabbage (Table 2 and Fig. 3 ). The regression lines of Kinkei 201 (Yϭ0.30xϩ0.09, rϭ0.92) and Shinsei (Yϭ0.79xϪ0.28, rϭ0.97) further confirmed the significant difference ( pϽ0.05) in parasitoid numbers between the two varieties based on host and parasitoid densities per plant.
DISCUSSION
Cabbage is one of the main economical crucifer vegetables in Japan. Diamondback moth larvae cause huge economical losses every year unless effective chemicals are sprayed. Reducing cabbage damage by keeping the DBM below threshold levels through pesticide use became difficult because of resistance problems (Cheng, 1988; Magaro and Edelson, 1990; Tabashnik et al., 1990 ). In our limited study we investigated the population trends of the DBM, host of C. plutellae. In addition, potential impacts of C. plutellae on these varieties were observed. Our results are valuable and unique, as we did not use any pesticides while studying the population trends of pest and parasitoid in the cabbage fields. Moreover, certain important parasitoids of the DBM were reared and identified.
Larval density of DBM on Kinkei 201 showed increasing trends (3.6-4.8 larvae/plant) starting from May 23 to July 13. On the same variety, parasitism by C. plutellae was recorded on June 21, however parasitoid density was low. At these levels farmers usually apply certain control measures especially pesticides to save cabbage. In contrast larval pest loads in Shinsei may indicate the need for crop protection measures starting June 7 to July 4 when larval density of 2.5-6.3 larvae per plant was observed. On Shinsei, parasitism by C. plutellae was also recorded on June 21. However, it was apparently higher on Shinsei when compared with Kinkei 201 during the two seasons. Several plant traits can influence the ability of natural enemies to suppress the populations of herbivorous insects (Price, 1986; Barbosa and Letourneau, 1988) . However, in the case of C. plutellae, we do not yet know the exact characteristics of Shinsei cabbage plants that influenced the parasitoid, regardless of the fact that parasitism by C. plutellae may have some role in suppressing the larval population.
Developed DBM-resistant cabbage cultivars include those with glossy leaves and genotypes with normal waxy bloom. Resistant glossy varieties are only effective against 1st stadium larvae, suggesting that the mechanism of resistance in glossy genotypes is the rejection of plants by 1st instars, which results in higher net movement and less feeding. This behavioral difference may lead to increased larval mortality on glossy plants due to starvation and desiccation . Despite extensive research on the host plant resistance of Brassica oleracea var. capitata (common cabbage) to the DBM, knowledge of the resistance mechanisms involved remains incomplete Wright, 1994, 1996) . However, we believe that the impact of rain on the DBM immatures of these two varieties may differ as a result of both physiological and morphological dissimilarities between them. The combined effects of these factors may produce a lower pest load in Shinsei cabbage. In another study (Talekar and Yang, 1991) , C. plutellae parasitism was higher when the DBM larvae were fed on Chinese cabbage (75%) than on common cabbage (55%), cauliflower (60%) or broccoli (37.50%). However, the exact mechanism causing the differences in parasitism rates is still obscure. Our study showed higher parasitism rates by parasitoids on Shinsei cabbage even at lower larval host densities when compared with Kinkei 201. Annamalai et al. (1988) reported 38% mortality of the DBM from the direct impact of rain which washed off the eggs. They further found that loss of eggs from the upper leaf surface of cabbage was greater (Ͼ50%) than from the lower surface. However, in the present study, we did not directly quantify this effect on the immature stages of the DBM. Rain may also influence the mating and egg laying behaviors of adults. Wakisaka et al. (1991) revealed in a study that, excluded rainfall on some cabbage plots with a plastic roof, that one third to one half of the DBM disappeared in the early immature stages. Since the mortality rate was lower in the plots with no rainfall, they speculated that removal of the eggs and larvae by rain and drowning of young larvae after rain was the major mortality factor. The effectiveness of integrated methods to control the DBM was investigated in Hawaii, and the results showed that the pest was effectively and economically controlled through the implementation of an intermittent overhead sprinkler system operating between 08:00 and 22:00 h and weekly releases of the braconid C. plutellae (Nakahara et al., 1986) . They also suggested that intermittent application of water in the field during the early hours could disrupt the mating and oviposition activities of the DBM.
An inventory of parasitoid species emerged from the DBM shows that the parasitoid complex against the DBM around the Matsudo area is poorly developed. We were successful in recovering only four parasitoid species and two hyperparasitoids during our two year study. Augmentations of these primary parasitoids may play a useful role in controlling the DBM. In the present study, C. plutellae was considered as a major parasitoid found on both varieties. However, we assume that this parasitoid species alone may not contribute much to DBM control because of high population levels of the pest. Therefore, not only augmentation but also conservation of these beneficials is necessary for sustainable biological control. Recently in Miyazaki Pref., Japan, seven parasitoid species were reported from the larvae and pupae of the DBM. Among them the percentage parasitism by C. plutellae, O. sokolowskii and D. subtilicornis was recorded at about 70%, 50 to 60% and Ͼ40%, respectively (Uematsu and Yamashita, 1999) . Natural enemies could play a vital role in IPM of cabbage pest(s). Yet these are underutilized in IPM programs developed for ephemeral crops in urban environments, such as cabbage, because quantitative information on the role of natural enemies in biological control is lacking and/or information on the effects of natural enemies on pest populations are unavailable to pest managers.
Concluding our preliminary results we suggest that further studies on the potential role of parasitoids, selective pesticides and resistant cultivars are urgently needed to devise an effective cabbage pest management around this production area.
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